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SUMMARY: Lessepsian species are marine organisms that enter the Mediterranean through the Suez Canal, a phenomenon 
that has dramatically increased in recent decades. The present study describes the morphological characteristics of the 
sagittal otoliths of 22 Lessepsian fish species collected at four locations in the Mediterranean Sea. These structures are 
commonly used in the identification of species found in the digestive tracts of predators, and their morphological description 
is mainly needed as a tool for trophic studies. Here we used the Automated Taxon Identification (ATI) system of the 
AFORO web database to determine the accuracy of classifying Lessepsian fish otoliths compared with otoliths of native 
Mediterranean species. The otolith contour analysis correctly classified 92.5% of the specimens, showing that these species 
have otoliths that can be clearly distinguished from native ones. Four different groups of otoliths were identified according 
to the morphological differences between the otoliths and the ATI analysis results: a) unusual shapes with no similarities 
to native species; b) unusual shapes with similarities to phylogenetically distant native species; c) common shapes with 
similarities to phylogenetically close native species; and d) common shapes with morphological characters related to other 
native congeners, although they are not classified with them.
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RESUMEN: Identificación de especies de peces de origen lessepsiano mediante el otolito sagita. – Las especies 
lessepsianas son aquellos organismos marinos que invaden el Mediterráneo a través del Canal de Suez, fenómeno que se 
ha incrementado drásticamente en los últimos años. El presente trabajo describe las características morfológicas del otolito 
sagita de 22 especies de peces recolectadas en cuatro localidades del Mediterráneo. Estas estructuras son empleadas normal-
mente en la identificación de las especies presentes en los tubos digestivos de sus depredadores, y su descripción morfoló-
gica es necesaria en la mayoría de estudios tróficos. En este estudio, se empleó el sistema automatizado de reconocimiento 
específico (ATI) de la web AFORO con el objeto de determinar la precisión en la clasificación de estas especies respecto 
a otras especies nativas que cohabitan en el Mediterráneo. El porcentaje correcto de clasificación alcanzó el 92.5% de los 
casos, mostrando que estas especies tienen otolitos claramente diferenciables. Cuatro grupos de otolitos se identificaron te-
niendo en consideración las diferencias morfológicas encontradas y los resultados del análisis de ATI: a) formas peculiares 
no análogas a otras especies nativas, b) formas peculiares con analogías con especies nativas filogenéticamente muy distin-
tas, c) formas comunes con analogías con especies nativas filogenéticamente cercanas, y d) formas comunes con caracteres 
morfológicos similares a otras especies nativas, si bien no fueron clasificadas con ellas.
Palabras clave: otolito, morfología, peces, especies lesepsianas, mar Mediterráneo.
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The invasion of Red Sea organisms through the 
Suez Canal, known as ‘Lessepsian migration’ (Por 
1978) is today a major driver of change in the Medi-
terranean Sea. Due to the growing importance of this 
phenomenon, in terms of the number of introductions, 
successful establishments and geographical expan-
sions (Golani 2010, Zenetos et al. 2010), much at-
tention is now being focussed on Lessepsian species. 
According to the most recent estimate (Zenetos et al. 
2010), around one thousand immigrant species have 
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been recorded so far in the Mediterranean basin. Out 
of these, almost 60% come from the Suez Canal. The 
Mediterranean is therefore undergoing a tremendous 
increase in species richness due to the influx of Red 
Sea organisms. Hence, basic information about these 
new comers is urgently needed.
A total of 149 alien fish species have been re-
corded so far in the Mediterranean Sea and most of 
them are of Lessepsian origin (Zenetos et al. 2010). 
They are generally thermophilic species (Azzurro 
2008), and it is very probable that the rising seawa-
ter temperature is giving them a distinct advantage 
over native temperate taxa (Galil 2007). The little 
information available on the biology and ecology of 
Lessepsian fish is mostly limited to certain abundant 
and commercially important families, such as Up-
eneidae and Siganidae (reviewed by Golani 2010). 
Some work has been dedicated to the trophic rela-
tionships of these species in their new environment 
(e.g. Golani 1993, 1994, Bariche 2006, Azzurro et 
al. 2007, Zouari-Ktari et al. 2008). Lessepsian fish 
can also be important prey (Aronov and Goren 2008) 
but research into their roles in the trophic network is 
extremely limited. 
A fundamental pre-requisite for trophic studies is 
to be able to identify fish in the digestive tract of other 
fish based on the morphology of the sagittal otolith 
(e.g. Pierce and Boyle 1991, Granadeiro and Silva 
2000, Moreno-López et al. 2002, García-Rodriguez 
and De La Cruz-Aguero 2011). The otolith shape has 
a high degree of inter-specific variation (Nolf 1985), 
and in most species there is low intra-specific variabil-
ity. Otolith collections and atlases (Sanz-Echeverría 
1926, Nolf 1985, Härkönen 1986, Smale et al. 1995, 
Rivaton and Bourret 1999, Volpedo and Echeverria 
2000, Assis 2003, 2004, Campana 2004, Reichen-
bacher et al. 2007, Tuset et al. 2008) can be used 
to identify fish, but more recently the web AFORO 
(http://www.cmima.csic.es/aforo/) allows automated 
taxon identification (ATI) based on a database of 950 
species and 3300 images of sagittal otoliths. ATI is 
based on iterative classification using the Euclidean 
distances of the compared wavelet multiscale descrip-
tors of otolith outlines (Parisi-Baradad et al. 2010). 
Therefore, each otolith is tested against all the other 
otoliths in the database. However, the description of 
the otolith is still relevant because morphological 
characteristics other than the outline can also help to 
identify the species, such as the type of sulcus, ostium 
and cauda (Tuset et al. 2008). Therefore, the main 
goals of this study were (i) to provide a morphologi-
cal description of the otoliths of Lessepsian fish, (ii) 
to compare the otolith morphology of Lessepsian and 
native species, and (iii) to use the otolith contour to 
determine the accuracy of the AFORO web as a tool 
for species identification.
MATERIALS AND METHODS
Sampling and data collection
A total of 22 Lessepsian species (18 families and 
8 orders) inclusive of the most succesful taxa were 
collected at four different locations of the central and 
eastern Mediterranean (Table 1; Fig. 1): 1) Linosa 
island, Italy (35°51′N 12°51′E); 2) Alexandria, Egypt 
(31°19′N 30°03′E); 3) Haifa, Israel (32°47′N 34°56′E); 
and 4) Bozyayi, Turkey (36°5′N 32°59′E). Fish were 
obtained with the voluntary collaboration of local fish-
ermen, who mainly use trammel nets and trawling. The 
classification system used was based on Nelson (2006) 
and the species were named following the criteria of 
the online fish catalogue of the California Academy of 
Science (Eschmeyer and Fricke 2011).
Fig. 1. – Sampling locations in the Mediterranean Sea: 1) Linosa Island, Italy; 2) Alexandria, Egypt; 3) Haifa, Israel; 4) Bozyayi, Turkey.
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Otolith morphology
Images of the left otolith were taken with a dig-
ital camera under a binocular microscope. The image 
was taken of the internal side (medial or proximal) of 
the otolith because this side has the sulcus acusticus 
(a groove along the surface of the sagitta). To obtain 
a clear sagittal contour, the image must be well con-
trasted with a homogeneous black background. The 
otoliths were always represented with the respective 
dorsal margin at the top of the image and the anterior 
(rostral) region to the right. The terms outlined in Tuset 
et al. (2008) were used for the morphological descrip-
tion. The following anatomical features were consid-
ered: otolith shape, type of sulcus acusticus, shape and 
size of ostium and cauda, and the characteristics of the 
anterior and posterior regions (Fig. 2).
Automated identification 
Automated taxon identification (ATI) uses wavelet 
descriptors to extract specific characters of the or-
thogonal projection of a standard oriented left sagitta 
according to the methodology given by Parisi-Baradad 
et al. (2005) and Parisi-Baradad et al. (2010). A multi-
scale signal representation is obtained from the wave-
lets. Outline singularities can be located more accu-
rately with wavelets than with Fourier analyses (Mallat 
1989). The recognition system searches the AFORO 
database iteratively, from the coarsest to the finest 
wavelet scale, to find the otoliths that most resemble 
the tested otolith. In each iteration, the approximation 
signal of the tested otolith is compared with each oto-
lith of the database using a Euclidean distance (ED) 
(Parisi-Baradad et al. 2005, 2010). The otoliths were 
ordered according to their decreasing similarity to the 
specimen test, measured as ED.
RESULTS
Anatomical descriptions
Etrumeus teres. Shape: elliptic, ventral margin 
dentated. Sulcus acusticus: heterosulcoid, ostial, medi-
an. Ostium: funnel-like, longer than the cauda. Cauda: 
tubular, straight, ending far from the posterior margin. 
Anterior region: peaked; rostrum broad, long, pointed; 
antirostrum short, broad, rounded or absent; excisura 
wide with an acute notch or absent. Posterior region: 
round to angled with supramedian apex in the larger 
otoliths (Fig. 3A).
Table 1. − Taxonomical identification, area and total length range of Lessepsian species studied in the Mediterranean Sea.
Order Family Species Number of specimens Length range (cm)
Clupeiformes Clupeidae Etrumeus teres (DeKay, 1842) 4 12.0-12.5
Siluriformes Plotosidae Plotosus lineatus (Thunberg, 1787) 2 7.7-17.0
Aulopiformes Synodontidae Saurida undosquamis (Richardson, 1848) 3 15.0
Atheriniformes Atherinidae Atherinomorus forskalii (Rüppell, 1838) 1 -
Beryciformes Holocentridae Sargocentron rubrum (Forsskål, 1775) 1 19.8
Gasterosteiformes Fistulariidae Fistularia commersonii Ruppell, 1838 3 10.3-49.0
Perciformes Apogonidae Apogon smithi (Kotthaus, 1970) 3 10.0
 Sillaginidae Sillago sihama (Forsskål, 1775) 1 -
 Leioghnatidae Equulites kluzingeri (Steindachner, 1898) 4 5.3-8.6
 Haemulidae Pomadasys stridens (Forsskål, 1775) 3 12.0-12.1
 Teraponidae Terapon puta Cuvier, 1829 2 11.4-11.7
 Mullidae Upeneus moluccensis (Bleeker, 1855) 1 17.8
  Upeneus pori Ben-Tuvia and Golani, 1989 4 10.5-11.5
 Pempheridae Pempheris vanicolensis Cuvier 1831 2 15.0-16.0
 Labridae Pteragogus pelycus Randall, 1981 1 10.1
 Siganidae Siganus luridus (Rüppell, 1829) 1 7.6
  Siganus rivulatus (Forsskål, 1775) 5 -
 Sphyraenidae Sphyraena chrysotaenia Klunzinger, 1884 1 -
 Scombridae Scomberomorus commerson (Lacepède, 1800) 1 43.0
Tetraodontiformes Tetraodontidae Stephanolepis diaspros Fraser-Brunner, 1940 2 13.0-17.5
  Lagocephalus sceleratus (Gmelin, 1789) 2 42.0
    Lagocephalus suezensis Clark & Goher, 1953 5 -
Fig. 2. – Anatomical features of otoliths used for the morphological 
descriptions (from Tuset et al. 2008).
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Fig. 3. – Sagittal otoliths of Lessepsian species from the Mediterranean Sea. A, Etrumeus teres (12.5 cm total length [TL]); B, Plotosus 
lineatus (17.0 cm TL); C, Saurida undosquamis (12.0 cm TL); D, Atherinomorus forskalii (no fish length); E, Sargocentron rubrum (19.8 cm 
TL); F, Fistularia commersonii (49.0 cm TL); G, Apogon smithi (10.0 cm TL); H, Sillago sihama (14.6 cm TL); I, Equulites klunzingeri (8.6 
cm TL); J, Pomadasys stridens (12.1 cm TL); K, Terapon puta (11.7 cm TL); L, Upeneus moluccensis (no fish length); M, Upeneus pori (13 
cm TL); N, Pempheris vanicolensis (16 cm TL). Scale bars = 1 mm.
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Plotosus lineatus. Shape: sagitiform, slightly con-
cave. Sulcus acusticus: heterosulcoid, ostial, median, 
ventral ridge well developed. Ostium: funnel-like, 
shorter than the cauda. Cauda: tubular, straight, ending 
close to the posterior margin. Anterior region: peak-
ed; rostrum very short, broad, colliculum lanceolate, 
pointed, extensively protrunding; antirostrum absent. 
Posterior region: lanceolated (Fig. 3B).
Saurida undosquamis. Shape: slightly lanceolated, 
with dorsal margin irregular. Sulcus acusticus: het-
erosulcoid, ostial, median. Ostium: funnel-like, longer 
than the cauda. Cauda: tubular, straight, ending far 
from the posterior margin. Anterior region: peaked; 
rostrum narrow, long, pointed; antirostrum absent; ex-
cisura wide without a notch. Posterior region: round 
(Fig. 3C).
Atherinomorus forskalii. Shape: discoidal, dorsal-
ventral axis more developed. Sulcus acusticus: hetero-
sulcoid, ostial, supramedian. Ostium: lateral, markedly 
asymmetric, noticeably shorter than the cauda. Cauda: 
tubular, curved, markedly flexed posteriorly, ending 
close to the posterior margin. Anterior region: double-
peaked; rostrum short, broad, flattened-irregular; anti-
rostrum short, broad, round; excisura wide with a deep 
notch. Posterior region: round (Fig. 3D).
Sargocentron rubrum. Shape: elliptic. Sulcus 
acusticus: heterosulcoid, ostial, supramedian. Ostium: 
discoidal, shorter than the cauda. Cauda: tubular, 
curved, markedly flexed from the middle region, end-
ing close to the posterior-ventral margin. Anterior re-
gion: peaked; rostrum short, broad, round; antirostrum 
short, small, peaked; excisura wide with a shallow 
notch. Posterior region: angled-pointed (Fig. 3E).
Fistularia commersonii. Shape: trapezoidal-
elongated, the ventral margin longer. Sulcus acusticus: 
heterosulcoid, ostial, median. Ostium: funnel-like, 
longer than the cauda, separated from the cauda by a 
conspicuous collum. Cauda: elliptic, ending close to 
the posterior margin. Anterior region: lanceolated; 
rostrum long, narrow, pointed; antirostrum absent; 
excisura very wide without a notch. Posterior region: 
oblique (Fig. 3F).
Apogon smithi. Shape: elliptic, dorsal margin ir-
regular. Sulcus acusticus: heterosulcoid, ostial, slightly 
concave, median. Ostium: discoidal, longer than the 
cauda. Cauda: tubular, straight, ending far from the 
posterior-dorsal margin. Anterior region: round; ros-
trum short, broad, round; antirostrum short, broad, 
peaked; excisura narrow with a deep notch. Posterior 
region: round to blunt (Fig. 3G).
Sillago sihama. Shape: rhomboidal. Sulcus acus-
ticus: archaesulcoid, ostial, supramedian. Ostium and 
cauda: undifferentiated, cauda ending close to the 
posterior margin. Anterior region: round; rostrum and 
antirostrum very small, short, broad and round or ab-
sent; excisura wide without notch. Posterior region: 
peaked (Fig. 3H).
Equulites klunzingeri. Shape: pentagonal to ellip-
itic, anterior-ventral margin crenate to irregular. Sulcus 
acusticus: heterosulcoid, ostial, median. Ostium: fun-
nel-like, longer than the cauda. Cauda: tubular, slightly 
curved, ending far from the posterior margin. Anterior 
region: angled to peaked; rostrum short to long, broad, 
pointed; antirostrum short, broad, pointed; excisura 
wide with an acute and shallow notch. Posterior re-
gion: angled to oblique (Fig. 3I).
Pomadasys stridens. Shape: oval, ventral area very 
developed. Sulcus acusticus: heterosulcoid, ostial, su-
pramedian. Ostium: rectangular, shorter than the cauda. 
Cauda: tubular, curved, strongly flexed posteriorly, 
ending in the posterior-ventral region. Anterior region: 
round to oblique; rostrum short, broad, oblique; anti-
rostrum absent; excisura very wide, without a notch. 
Posterior region: round to oblique (Fig. 3J).
Terapon puta. Shape: oblong. Sulcus acusticus: het-
erosulcoid, ostial, median. Ostium: funnel-like, shorter 
than the cauda. Cauda: tubular, curved, strongly flexed 
ending far from the posterior margin. Anterior region: 
peaked; rostrum short, broad, pointed; antirostrum absent 
or short, broad, round; excisura wide, without or with a 
shallow notch. Posterior region: oblique (Fig. 3K).
Upeneus moluccensis. Shape: elliptic, dorsal mar-
gin angled. Sulcus acusticus: heterosulcoid, ostial, 
median. Ostium: funnel-like, shorter than the cauda. 
Cauda: tubular, curved, strongly flexed from the mid-
dle region, ending close to the posterior margin. An-
terior region: peaked; rostrum short, broad, pointed; 
antirostrum short, broad, round; excisura wide, without 
notch. Posterior region: blunt (Fig. 3L).
Upeneus pori. Shape: elliptic, ventral margin cre-
nate. Sulcus acusticus: heterosulcoid, ostial, median. 
Ostium: funnel-like, shorter than the cauda. Cauda: tu-
bular, curved, strongly flexed from the middle region, 
ending close to the posterior margin. Anterior region: 
peaked; rostrum short, broad, round; antirostrum short, 
broad, pointed; excisura wide, with a shallow notch. 
Posterior region: oblique (Fig. 3M).
Pempheris vanicolensis. Shape: pentagonal, ven-
tral area more developed, margin dorsal irregular. 
Sulcus acusticus: heterosulcoid, ostial, supramedian. 
Ostium: bent-concave, similar in size to the cauda. 
Cauda: tubular, curved, markedly flexed, ending close 
to the posterior margin. Anterior region: round; ros-
trum short, very broad, flattened; antirostrum very 
short, broad, slightly peaked; excisura very wide with-
out a notch. Posterior region: angled (Fig. 3N).
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Pteragogus pelycus. Shape: oval-rhomboidal, 
margins entire. Sulcus acusticus: heterosulcoid, ostial, 
median. Ostium: funnel-like, shorter than the cauda. 
Cauda: elliptic, straight, ending close to the posterior 
margin. Anterior region: peaked; rostrum short, broad, 
blunt; antirostrum short, narrow, pointed; excisura nar-
row, with a shallow notch. Posterior region: oblique 
(Fig. 4A).
Siganus luridus. Shape: elliptic, posterior margin 
lobed. Sulcus acusticus: heterosulcoid, ostial, median. 
Ostium: funnel-like, longer than the cauda. Cauda: 
elliptic, curved, ending close to the posterior margin. 
Anterior region: double-peaked; rostrum long, narrow, 
pointed; antirostrum long, narrow, pointed; excisura 
wide, with an acute and deep notch. Posterior region: 
round (Fig. 4B).
Siganus rivulatus. Shape: elliptic, posterior margin 
irregular. Sulcus acusticus: heterosulcoid, ostial, medi-
an. Ostium: funnel-like, longer than the cauda. Cauda: 
elliptic, curved, ending close to the posterior margin. 
Anterior region: double-peaked; rostrum long, narrow, 
pointed; antirostrum long, very narrow, lanceolated; 
excisura wide, with an acute and deep notch. Posterior 
region: round-irregular (Fig. 4C).
Sphyraena chrysotaenia. Shape: fusiform. Sulcus 
acusticus: heterosulcoid, ostial, median, ventral margin 
sinuated Ostium: funnel-like, shorter than the cauda. 
Cauda: tubular, curved, strongly flexed posteriorly, 
ending close to the ventral margin. Anterior region: 
peaked; rostrum short, broad, pointed; antirostrum 
poorly defined; excisura wide without a notch. Poste-
rior region: oblique (Fig. 4D).
Fig. 4. – Sagittal otoliths of Lessepsian species from the Mediterranean Sea. A, Pteragogus pelycus (10.1 cm TL); B, Siganus luridus 
(7.6 cm TL); C, Siganus rivulatus (no fish length); D, Sphyraena chrysotaenia (no fish length); E, Scomberomorus commerson (43.0 cm 
TL); F, Stephanolepis diaspros (17.5 cm TL); G, Lagocephalus sceleratus (42.0 cm TL); H, Lagocephalus suezensis (no fish length). 
Scale bars: 1 mm.
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Scomberomorus commerson. Shape: lanceolated, 
serrate margins, especially the margin. Sulcus acusti-
cus: heterosulcoid, ostial, median. Ostium: funnel-like, 
longer than the cauda. Cauda: elliptic, ending close 
to the posterior margin. Anterior region: peaked; ros-
trum long, narrow, pointed; antirostrum long, broad, 
pointed; excisura wide, with an acute notch. Posterior 
region: oblique (Fig. 4E).
Stephanolepis diaspros. Shape: hour-glass, asym-
metric. Sulcus acusticus: homosulcoid, ostio-caudal, 
median, with a cristal ventral well developed, high, 
round, protrunding in both excisurae. Ostium: funnel-
like, as long as the cauda. Cauda: straight. Anterior re-
gion: notched; rostrum and antirostrum very short, very 
broad, flattened; l ventral. Posterior region: notched, 
excisura cauda very wide with a shallow notch hidden 
by the crista (Fig. 4F).
Lagocephalus sceleratus. Shape: hour-glass, asym-
metric, ventral area more developed, fan-shaped. Sul-
cus acusticus: homosulcoid, ostio-caudal, median. Os-
tium: funnel-like, as long as the cauda. Cauda: straight. 
Anterior region: notched; rostrum long, angled, with 
triangular shape; antirostrum absent; excisura very 
wide without notch. Posterior region: flattened to ir-
regular (Fig. 4G).
Lagocephalus suezensis. Shape: hour-glass, asym-
metric, ventral area more developed, fan shaped. Sulcus 
acusticus: homosulcoid, ostio-caudal, median. Ostium: 
funnel-like, as long as the cauda. Cauda: straight. An-
terior region: notched; rostrum long, angled, with tri-
angular shape; antirostrum absent; excisura very wide 
without notch. Posterior region: flattened to irregular 
(Fig. 4H). 
Image analysis
The otolith contour analysis correctly classified 
92.5% of the specimens. Only the otolith of Poma-
dasys stridens was confused with Pomadasys incisus, 
and the two specimens of Stephanolepis diaspros were 
incorrectly assigned to Sphoeroides marmoratus and 
Lagocephalus lagocephalus (Fig. 5). A few species 
showed morphological analogies with other species, 
reflecting their taxonomic proximity. This was the case 
of Upeneus pori and Mullus surmuletus (Mullidae), Po-
madasys stridens and Pomadasys incisus (Haemulidae), 
Etrumeus teres and Sardina pilchardus (Cupleidae), 
Fig. 5. – Classification example of four Lessepsian species using the automated taxon identification system (ATI) from the AFORO web. 
A, Fistularia commersonii; B, Saurida undosquamis; C, Etrumeus teres; D, Stephanolepis diaspros. ED, Euclidean distance; NMS, non-
Mediterranean species.
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Stephanolepis diaspros and Sphoeroides marmoratus 
(Tetraodontidae), and Lagocephalus suezensis and L. 
sceleratus (Tetraodontidae). Nevertheless, in most of the 
species the morphological affinity among otoliths did 
not have any taxonomic meaning, for example, otoliths 
of Saurida undosquamis (Synodontidae) where classi-
fied as Sphyraena sphyraena (Sphyraenidae) (Table 2).
DISCUSSION
The Lessepsian phenomenon, once limited to the 
eastern sectors of the Mediterranean (Por 1978), is today 
a matter of concern for the entire basin. In the last two 
decades it has increased dramatically, as is evidenced 
by the increase in the number of invaders and their fast 
geographical expansion (Golani 2010, Zenetos et al. 
2010). Species such as Siganus luridus and Fistularia 
commersonii have expanded rapidly in the central and 
western Mediterranean. The latter is now considered 
well established throughout the entire Mediterranean 
Sea, as it has been recorded in western areas (Sánchez-
Tocino et al. 2007) on the opposite side to the Suez Ca-
nal where it originally entered. However, these species 
have the most impact in the eastern basin. Golani (2010) 
counted a total of 73 species, which is 14.9% of all the 
fish known for this sector. Therefore, considering the 
Table 2. − Comparison of the otolith contour of Lessepsian species with other species from the Mediterranean Sea using the automatic system 
analysis of AFORO web. ED, Euclidean Distance.
Lessepsian specimens tested Correctly identified ED Nearest species  ED
Etrumeus teres Yes 1.49 Scomber scombrus 1.64
Etrumeus teres Yes 1.06 Caranx rhonchus 1.45
Etrumeus teres Yes 1.06 Sardina pilchardus 1.32
Etrumeus teres Yes 1.27 Trachinotus ovatus 1.56
Plotosus lineatus Yes 1.88 no similar specimens -
Plotosus lineatus Yes 1.88 not similar specimens -
Saurida undosquamis Yes 1.05 Sphyraena sphyraena 1.48
Saurida undosquamis Yes 1.05 Sphyraena sphyraena 1.43
Saurida undosquamis Yes 0.87 Sphyraena sphyraena 1.27
Atherinomorus forskalii only 1 specimen - no similar specimens -
Sargocentron rubrum only 1 specimen - Pagellus bogaraveo 1.31
Fistularia commersonii Yes 1.24 no similar specimens -
Fistularia commersonii Yes 1.05 no similar specimens -
Fistularia commersonii Yes 1.05 no similar specimens -
Apogon smithi Yes 1.12 Coelorinchus caelorhincus 1.59
Apogon smithi Yes 1.12 Coelorinchus caelorhincus 1.21
Apogon smithi Yes 1.4 Coelorinchus caelorhincus 1.87
Sillago sihama Yes 1.03 Gnathophis mystax 1.67
Sillago sihama Yes 0.99 Gnathophis mystax 1.42
Equulites klunzingeri Yes 1.3 Mullus barbatus 1.57
Equulites klunzingeri Yes 1.3 Atherina hepsetus 1.41
Equulites klunzingeri Yes 1.54 no similar specimens -
Pomadasys stridens Yes 0.77 Spondyliosoma cantharus 0.9
Pomadasys stridens No 1.25 Pomadasys incisus 1.16
Pomadasys stridens Yes 0.77 Spicara maena 1.01
Terapon puta Yes 0.95 Scorpaena porcus 1.11
Terapon puta Yes 1.11 Scorpaena elongata 1.12
Upeneus moluccensis only 1 specimen - no similar specimens -
Upeneus pori Yes 1.12 Mullus surmuletus 1.5
Upeneus pori Yes 1.12 Mullus surmuletus 1.56
Upeneus pori Yes 1.31 Mullus surmuletus 1.56
Pempheris vanicolensis Yes 0.8 Epigonus constanciae 1.21
Pempheris vanicolensis Yes 0.8 Epigonus constanciae 1.34
Pteragogus pelycus only 1 specimen - Apogon imberbis 1.25
Siganus luridus only 1 specimen - no similar specimens -
Siganus rivulatus Yes 1.23 Labrus mixtus 1.87
Siganus rivulatus Yes 2.72 Synodus saurus 3.12
Siganus rivulatus Yes 1.6 Lichia amia 1.93
Siganus rivulatus Yes 1.78 Sardinella aurita 1.89
Siganus rivulatus Yes 1.23 Sardina pilchardus 1.99
Sphyraena chrysotaenia only 1 specimen - Serranus cabrilla 0.97
Scomberomorus commerson  only 1 specimen - Seriola dumerili 1.46
Stephanolepis diaspros No 5.34 Sphoeroides marmoratus 5.17
Stephanolepis diaspros No 5.34 Lagocephalus lagocephalus 4.27
Lagocephalus sceleratus only 1 specimen - no similar specimens -
Lagocephalus suezensis Yes 3.28 Lagocephalus sceleratus 7.42
Lagocephalus suezensis Yes 3.28 no similar specimens -
Lagocephalus suezensis Yes 4.05 no similar specimens -
    
Mean ED  1.62  1.83
Standard deviation ED  1.12  1.28
Percentage correctly identified 92.5%     
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number of new families that have entered the Mediter-
ranean, it can be hypothesized that the morphological 
and taxonomic diversity of Mediterranean fish com-
munities has increased. Our range of species includes 
the more abundant and widespread Lessepsian fish in 
the Mediterranean Sea, such as Siganus luridus, S. rivu-
latus, Fistularia comersonii, Upeneus moluccensis, U. 
pori, Scomberomorus commerson, and Stephanolepis 
diaspros. Some recent colonists, such as Apogon smithi 
(Golani et al. 2008) and Plotosus lineatus (Golani et 
al. 2002), were also considered together with occa-
sional species such as Pteragogus pelycus Randal, 1981 
(Golani and Sonin 1992).
Our morphological description of Lessepsian fish 
otoliths provides new and valuable information for 
these species. It is also a robust tool for species classi-
fication, and agrees in most cases with the ATI system 
of AFORO. The percentage of correct classifications 
(92.5%) obtained in this study is greater than that (72%) 
obtained by Parisi-Baradad et al. (2010) in a study that 
used the same methodology but with native species. 
This difference of more than 20% can be attributed to 
the high morphological specificity of Lessepsian sagit-
tae in comparison with those of Mediterranean native 
species. In fact, many of these invaders belong to fami-
lies or genera that are not represented in the native fish 
fauna of the Mediterranean Sea. Neverthless, ecomor-
phological characters of otoliths are generally related 
to the ecological niche that the species occupies (Lom-
barte 1992, Arellano et al. 1995, Aguirre and Lombarte 
1999, Lombarte and Popper 2004, Ramcharitar et al. 
2004, Schulz-Mirbach et al. 2008, Colmenero et al. 
2010, Tuset et al. 2010). Thus, the highly differenti-
ated otolithic morphology of Lessepsian species could 
reflect specific adaptations (Schoener 1974, Motta et 
al. 1995), and hence novel opportunities to thrive in 
the newly colonized habitat. This hypothesis recalls the 
controversial concept of ‘niche opportunity’ that has 
often been used to explain the success of these invad-
ers (Por 1978, Lundberg and Golani 1995, Oliverio and 
Taviani 2003). This concept is not within the scope of 
the present research, and further ecological studies are 
necessary to evaluate it.
There is currently little information on the mor-
phology of Lessepsian fish otoliths. Tuset et al. (2008) 
published an otolith atlas that included an exhaustive 
description of the sagittae of the most common species 
inhabiting the Mediterranean Sea, but no Lessepsian 
species were included. Lessepsian species can be clas-
sified into four different groups according to morpho-
logical differences between otoliths, ATI analysis and 
the otolith descriptions of species from the Mediterra-
nean Sea (Tuset et al. 2008):
a) Unusual otolith shapes with no similarities to 
other native species. This is the case of Plotosus lin-
eatus, which is a Siluriform and like other otophysian 
teleosts has a sagitta that is very different from that 
of non-otophysian fish (Popper and Platt 1981, Nolf 
1985); Fistularia commersonii, which is a syngnathi-
form with a very unusual body shape and size compared 
with the Syngnathiformes native to the Mediterranean; 
Atherinomorus forksalii is an atheriniform but does not 
show any similarities to otoliths from Mediterranean 
Atherinidae.
b) Unusual otolith shapes with similarities to phy-
logenetically distant native species. Otoliths of Saurida 
undosquamis showed similarities to the Sphyraenidae, 
although this group is characterized by a well-differen-
tiated ostium and cauda; Apogon smithi matched with 
Coelorinchus caelorhincus (Risso 1810) (Macrouri-
dae) and with the Epigonidae, but the sulcus acusticus 
and shape were different; Sillago sihama was similar to 
Gnathophis mystax (Delaroche 1809) (Congridae) and 
Phycis spp. (Phycidae), although G. mystax has a heter-
osulcoid sulcus and Phycis spp. has a more lanceolate 
or spindle-shaped otolith; Sargocentron rubrum had a 
similar shape to some sparids, especially to Pagellus 
bogaraveo (Brünnich 1768), although the otolith was 
easily identified due to its thickness, as occurs in other 
Holocentridae; Equulites klunzingeri joined with Athe-
rina spp. (Atheriniidae) and Mullus barbatus Linnaeus 
1758 (Mullidae); Atherina spp. showed an excisura 
ostii with or without a shorter notch, while Mullus had 
a curved sulcus; Terapon puta was classified as Scor-
paena spp., although the otolith was characterized by 
a more acute rostrum, a larger ostium area and a less 
curved cauda; the otoliths of Pempheris vanicolensis 
resembled those of Epigonus constanciae (Giglioli 
1880) (Epigonidae), which have a curved cauda, a 
pointed rostrum and an entire dorsal margin without 
sculpture; the otoliths of Pteragogus pelycus were 
similar to those of Apogon imberbis (Linnaeus 1758) 
(Apogonidae) and to the otoliths of Labridae. Never-
theless, they can be easily identified due to the unusual 
cauda form and the V-shaped ventral margin; Siganus 
rivulatus was close to species with a double-peaked an-
terior region, e.g. Sardinella aurita Valenciennes 1847 
(Clupleidae), Labrus mixtus Linnaeus 1758 (Labridae) 
and adult Lichia amia (Linnaeus 1758) (Carangidae). 
In Clupeidae and Labridae the end cauda is not curved, 
while L. amia has more irregular margins and a tubular 
shaped cauda. Finally, Sphyraena chrysotaenia otoliths 
have a similar shape to those of Serranus cabrilla (Lin-
naeus 1758) (Serranidae), which can have a shallow 
notch in the excisura ostii.
c) Common otolith shapes with similarities to 
phylogenetically close native species. The otolith 
morphology of Etrumeus teres is comparable to that 
of Sardinella spp. and Sardina spp., and also resem-
bles otoliths of other pelagic species, such as Scomber 
scombrus Linnaeus 1758 (Scombridae), Trachinotus 
ovatus Linnaeus 1758 and Caranx rhonchus Geoffroy 
Saint-Hilaire 1817 (Carangidae). Nevertheless, the 
antirostrum was less developed, short and rounded, 
with a shallower notch in the excisura ostii in compari-
son with other clupeids. It also differed in the shape of 
the sulcus acusticus and the rostrum and postrostrum 
regions, which are more pointed in carangids and 
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scombrids. Pomadasys stridens was similar to Poma-
dasys incisus (Bowdich 1825) and to sparids such as 
Spondyliosoma cantharus (Linnaeus 1758). The most 
identifiable feature of P. incisus was an indentation in 
the anterior-dorsal margin, whilst S. cantharus shows 
thinner otoliths with a median sulcus acusticus and 
slightly curved cauda; Upeneus pori resembled Mullus 
spp., although there were no deep or strong depressions 
at the end of the cauda; Scomberomorus commerson 
had a shape characteristic of pelagic species, such as 
young Seriola dumerili (Risso 1810) (Carangidae), and 
Scombridae, such as Sarda sarda (Bloch 1793); the 
otoliths of young S. dumerili have a more peaked ros-
trum and antirostrum as well as lobulated dorsal mar-
gins, and the otoliths of S. sarda have a triangular shape 
and a more elongated rostrum. Finally, the otholits of 
Stephanolepis diaspros and Lagocephalus suezensis 
were easy to identify and comparable with otholits of 
other Tetraodontiformes, including Sphoeroides spp.
d) Common otolith shapes with morphological 
characters related to other native congeners, although 
they are not classified with them. Upeneus moluccensis 
is similar to Mullus spp., Siganus luridus resembles Cu-
pleidae and Labridae because of a double-peaked ante-
rior region, and Lagocephalus sceleratus has an otolith 
shape that is very representative of Tetraodontidae.
To conclude, the unusual otolith shapes of Lessep-
sian fish species led to a very high classification suc-
cess. In addition, the analysis of Lessepsian otoliths 
provided new morphological information that can be 
used in species identification with the ATI system, and 
applied in other scientific fields, such as establishing 
marine trophic networks (Moreno-López et al. 2002, 
García-Rodriguez and De La Cruz-Aguero 2010). 
Future studies are needed to complete the morphologi-
cal catalogue of Lessepsian otoliths. This information 
can be used not only as a descriptive tool, but also to 
test theories in the ecomorphological field of invasion 
biology. 
ACKNOWLEDGEMENTS
We kindly thank Dr. Marco Milazzo for helping to 
collect the Egyptian samples, Dr. Giuseppe Sorrentino 
for helping to collect samples from the Pelagie Islands, 
Michael Zemel for helping to collect samples in Is-
rael, and Prof. Dr. Dirk Nolf for donating specimens 
from Turkey. This research was carried out within 
the project ‘The impacts of biological invasions and 
climate change on the biodiversity of the Mediterra-
nean Sea’, and supported by the AFORO3D project 
(CTM2010-19701). We thank the Euro-Mediterranean 
Centre for Climatic Change and the Italian Ministry for 
the Environment and Territory.
REFERENCES
Aguirre H., Lombarte A. 1999. Ecomorphological comparisons of 
sagittae in Mullus barbatus and M. surmuletus. J. Fish Biol. 55: 
105-114.
Aronov A., Goren M. 2008. Ecology of the mottled grouper 
(Mycteroperca rubra) in the eastern Mediterranean. Electronic 
J. Ichthyol. 2: 43-55
Arellano R.V., Hamerlynck O., Vincx M., Mees J., Hostens K., 
Gijselinck W. 1995. Changes in the ratio of the sulcus acusticus 
area to the sagitta area of Pomatoschistus minutus and P. loza-
noi (Pisces, Gobiidae). Mar. Biol. 122: 355-360.
Assis C.A. 2003. The lagenar otoliths of teosts: their morphology 
and its application in species identification, phylogeny and sys-
tematics. J. Fish. Biol. 62: 1268-1295.
Assis C.A. 2004. Guia para a identificacão de algumas famílias 
de peixes ósseos de Portugal continental, através da mor-
fología dos seus otólitos sagitta. Câmara Municipal de Cas-
cais, Cascai, 190 pp.
Azzurro E. 2008. The advance of thermophilic fishes in the Mediter-
ranean sea: overview and methodological questions. In: Briand 
F. (ed.), Climate warming and related changes in Mediterra-
nean marine biota. CIESM Publishers, pp. 39-46.
Azzurro E., Fanelli E., Mostarda E., Catra M., Andaloro F. 2007. 
Resource partitioning among early colonizing Siganus luridus 
and native herbivorous fishes at Linosa Island. Evidence from 
gut-content analysis and stable isotope signatures. J. Mar. Biol. 
Ass. UK 87: 991-998.
Bariche M. 2006. Diet of the Lessepsian fishes, Siganus rivulatus 
and S. luridus (Siganidae) in the eastern Mediterranean: a bib-
liographic analysis. Cybium 30: 41-49.
Campana S.E. 2004. Photographic atlas of fish otoliths of the North-
west Atlantic ocean. Can. Spec. Publ. Fish. Aquat. Sci. 133: 
1-284.
Colmenero A.I., Aguzzi J., Lombarte A., Bozzano A. 2010. Sensory 
contraints in temporal segregation in two species of anglerfish, 
Lophius budegassa and L. piscatorius. Mar. Ecol. Prog. Ser. 
416: 255-265.
Eschmeyer W.N., Fricke R. (eds.) 2011. Catalog of Fishes electronic 
version. http://research.calacademy.org/research/ichthyology/
catalog/fishcatmain.asp
Galil B. 2007. Seeing Red: Alien species along the Mediterranean 
coast of Israel. Aquat. Invas. 2: 281-312.
García Rodríguez F.J., De La Cruz A.J. 2011. A comparison of 
indexes for prey importance inferred from otoliths and cephalo-
pod beaks recovered from pinniped scats. Can. J. Fish. Aquat. 
Sci. 6: 186-193.
Golani D. 1993. Trophic adaptation of Red Sea fishes to the eastern 
Mediterranean environment- review and new data. Israel J. 
Zool. 39: 391-402.
Golani D. 1994. Niche separation between colonizing and indige-
nous goatfishes (Mullidae) of the Mediterranean coast of Israel. 
J. Fish Biol. 44: 503-513.
Golani D. 2010. Colonization of the Mediterranean by Red Sea 
fishes via the Suez Canal – Lessepsian migration. In: Golani 
D., Appelbaum-Golani B. (eds.), Fish Invasions of the Medi-
terranean Sea: change and renewal. Pensoft Publishers, pp. 
145-188.
Golani D., Sonin O. 1992. New records of the Red Sea fishes, Pter-
ois miles (Scorpaenidae) and Pteragogus pelycus (Labridae) 
from the Eastern Mediterranean Sea. Jap. J. Ichth. 39: 167-169.
Golani D., Orsi-Relini L., Massuti E., Quignard J.P. 2002. CIESM 
atlas of exotic species in the Mediterranean. Vol. 1. Fishes. 
CIESM Publishers, Monaco, 256 pp.
Golani D., Appelbaum-Golani B., Gon O. 2008. Apogon smithi (Ko-
tthaus, 1970) (Teleostei: Apogonidae), a Red Sea cardinalfish 
colonizing the Mediterranean Sea. J. Fish Biol. 72: 1534-1538.
Granadeiro J.P., Silva M.A. 2000. Use of otoliths and vertebrae to 
identify and estimate size of preys. Cybium 24: 383-393.
Härkönen T. 1986. Guide to the otoliths of the bony fishes of the 
Northeast Atlantic. Danbiu ApS., Hellerup, 256 pp.
Lombarte A. 1992. Changes in otolith area: sensory area ratio with 
body size and depth. Environ. Biol. Fish., 33: 405-410.
Lombarte A., Popper A.N. 2004. Quantitative changes in the oto-
lithic organs of the inner ear during the settlement period in 
European hake (Merluccius merluccius). Mar. Ecol. Prog. Ser. 
267: 233-240.
Lundberg B., Golani D. 1995. Diet adpatations of Lessepsian mi-
grant rabbitfishes, Siganus luridus and S. rivulatus, to the algal 
ressources of the Mediterranean Coast of Israel. P.S.Z.N.I. Mar. 
Ecol. 16: 73-89.
Mallat S. 1989. A Theory for multiresolution signal decomposition: 
OTOLITHS OF LESSEPSIAN SPECIES • 299
SCI. MAR., 76(2), June 2012, 289-299. ISSN 0214-8358 doi: 10.3989/scimar.03420.18E
the wavelet representation. IEEE Trans. Pattern Anal. Mach. 
Intell. 11: 674--693.
Moreno-López A., Tuset V.M., González J.A., García-Díaz M.M. 
2002. Feeding ecology of Serranus scriba (Osteichthyes, Ser-
ranidae) in the marine reserve of Lanzarote (Canary Islands). 
Bol. Mus. Municipal do Funchal 53: 5-17.
Motta P.J., Norton S.F., Luczkovich J.J. 1995. Perspectives on the 
ecomorphology of bony fishes. Environ. Biol. Fish. 44: 11-20.
Nelson J.S. 2006. Fishes of the world. 4th ed. John Wiley and Sons, 
Hoboken, New Jersey, 601 pp.
Nolf D. 1985. Otolithi piscium. In: Schultze H.P. (ed.), Handbook 
of Paleoichthyology. Gustav Fischer Verlag, Stuttgart, 145 pp.
Oliverio M., Taviani M. 2003. The eastern Mediterranean Sea: 
tropical invasions and niche availability in a “Godot Basin”. 
Biogeographia 24: 313-318.
Parisi-Baradad V., Lombarte A., García-Ladona E., Cabestany J., 
Piera J., Chic Ò. 2005. Otolith shape contour analysis using af-
fine transformation invariant wavelet transforms and curvature 
scale space representation. Mar. Freshw. Res. 56: 795-804.
Parisi-Baradad V., Manjabacas A., Lombarte A., Olivella R., Chic 
Ò., Piera J., García-Ladona E. 2010. Automatic Taxon Identifi-
cation of Teleost fishes in an otolith online database. Fish. Res. 
105: 13-20.
Pierce G.J., Boyle P.R. 1991. A review of methods for diet analysis 
in piscivorous marine mammals. Oceanogr. Mar. Biol. Ann. 
Rev. 29: 409-486.
Por F.D. 1978. Lessepsian migration – the influx of Red Sea Biota 
into the Mediterranean by way of the Suez Canal. Springer-
Verlag, Berlin-Heidelberg-New York, 228 pp.
Platt C., Popper A.N. 1981. Fine structure and function of the ear. In: 
Tavaloga W.N., Popper A.N., Fay R.R. (eds.), Hearing and sound 
communication in fishes. Springer-Verlag, New York, pp. 1-36.
Ramcharitar J.U., Deng X., Ketten D., Popper A.N. 2004. Form and 
function in the unique inner ear of a teleost fish: the silver perch 
(Bairdiella chrysoura). J. Comp. Neurol. 475: 531-539.
Reichenbacher B., Sienknecht U., Kuchenhoff H., Fenske N. 2007. 
Combined otolith morphology and morphometry for assessing 
taxonomy and diversity in fossil and extant Killifish (Aphanius, 
†Prolebias). J. Morphol. 268: 898-915.
Rivaton J., Bourret P. 1999. Les otolithes des poissons de l’Indo-
Pacifique. Doc. Sci. Tech. II 2: 1-378.
Sánchez-Tocino L., Hidalgo Puertas F., Pontes M. 2007. Primera 
cita de Fistularia commersonii Ruppell, 1838 (Osteichtyes: 
Fistulariidae) en aguas mediterráneas de la Península Ibérica. 
Zoologica Baetica 18: 79-84.
Sanz-Echeverría J. 1926. Datos sobre el otolito sagita de los peces 
de España. Bol. R. Soc. Esp. Hist. Nat. 26: 145-160.
Schoener T.W. 1974. Resource partitioning in ecological communi-
ties. Science 1985: 27-39.
Schulz-Mirbach T., Stransky C., Schilickeisen J., Reichenbacher B. 
2008. Differences in otolith morphologies between surface- and 
cave-dwelling populations of Poecilia mexicana (Teleostei, Po-
eciliidae) reflect adaptations to life in an extreme habitat. Evol. 
Ecol. Res. 10: 537-558.
Smale M.J., Watson G., Hecht T. 1995. Otolith atlas of southern 
African marine fishes. Ichthyol. Monogr. JLB. Smith Inst. Ich-
thyol. 1: 1-253.
Tuset V.M., Lombarte A., Assis C. 2008. Otolith atlas for the west-
ern Mediterranean, north and central eastern Atlantic. Sci. Mar. 
72S1: 1-198.
Tuset V.M., Piretti S., Lombarte A., González J.A. 2010. Using sag-
ittal otoliths and eye diameter for ecological characterization of 
deep-sea fish: Aphanopus carbo and A. intermedius form NE 
Atlantic waters. Sci. Mar. 74(4): 807-814.
Volpedo A.V., Echeverría D.D. 2000. Catálogo y claves de otolitos 
para la identificación de peces del Mar Argentino. 1. Peces de 
Importância Económica. Editorial Dunken, Buenos Aires, 88 pp.
Zenetos. A., Gofas S., Verlaque M., Çinar M.E., García Raso E., 
Bianchi C.N., Morri C., Azzurro E., Bilecenoğlu M., Froglia C., 
Siokou I., Violanti D., Sfriso A., San Martin G., Giangrande A., 
Katağan T., Ballesteros E., Ramos-Esplá A., Mastrototaro F., 
Ocaña O., Zingone A., Gambi M.C., Streftaris N. 2010. Alien 
species in the Mediterranean Sea by 2010. A contribution to the 
application of European Union’s Marine Strategy Framework 
Directive (MSFD). Part I. Spatial distribution. Medit. Mar. Sci. 
11(2): 381-493.
Zouari-Ktari R., Bradai M.N., Bouain A. 2008. The feeding habits 
of the Lessepsian fish Stephanolepis diaspros (Fraser-Brunner, 
1940) in the Gulf of Gabes (eastern Mediterranean Sea). Cah. 
Biol. Mar. 49: 329-335. 
Scient. ed.: F. Maynou.
Received May 13, 2011. Accepted October 24, 2011.
Published online Jamuary 18, 2012.
